Methamphetamine (METH) is an extremely addictive stimulant drug that is widely used with high potential of abuse. Previous studies have shown that METH exposure damages the nervous system, especially dopaminergic neurons. However, the exact molecular mechanisms of METH-induced neurotoxicity remain unclear. We hypothesized that caspase-11 is involved in METH-induced neuronal apoptosis. We tested our hypothesis by examining the change of caspase-11 protein expression in dopaminergic neurons (PC12 and SH-SY5Y) and in the midbrain of rats exposed to METH with Western blotting. We also determined the effects of blocking caspase-11 expression with wedelolactone (a specific inhibitor of caspase-11) or siRNA on METH-induced apoptosis in PC12 cells and SH-SY5Y cells using Annexin V and TUNEL staining. Furthermore, we observed the protein expression changes of the apoptotic markers, cleaved caspase-3 and cleaved poly(ADP-ribose) polymerase 1 (PARP), after silencing the caspase-11 expression in rat midbrain by injecting LV-shcasp11 lentivirus using a stereotaxic positioning system. Results showed that METH exposure increased caspase-11 expression both in vitro and in vivo, with the effects in vitro being dose-and time-dependent. Inhibition of caspase-11 expression with either wedelolactone or siRNAs reduced the number of METH-induced apoptotic cells. In addition, blocking caspase-11 expression inhibited METH-induced activation of caspase-3 and PARP in vitro and in vivo, suggesting that caspase-11/caspase-3 signal pathway is involved in METH-induced neurotoxicity. These results indicate that caspase-11 plays an essential role in METH-induced neuronal apoptosis and may be a potential gene target for therapeutics in METH-caused neurotoxicity.
, reduced tyrosine hydroxylase (TH) expression (Sasaki et al., 1987) , and loss of TH-positive neurons in the substantia nigra pars compacta, along with destruction of dopaminergic terminals in the striatum (Ares-Santos et al., 2014; Li et al., 2012) . Our recent study showed that upregulation of protein tyrosine nitration through DDAH/ADMA/ NOS pathway may contribute to METH-induced neuron apoptosis (Zhang et al., 2013) . In addition, we also demonstrated that METH-induced dopaminergic toxicity may be mediated via IGFBP5/caspase-3 signal pathway (Qiao et al., 2014) . However, the roles of other caspases in METH-induced neurotoxicity remain to be elucidated.
Caspases are a family of cysteine proteases that play essential roles in apoptosis (Thornberry and Lazebnik, 1998) . A variety of apoptotic stimuli (e.g., lipopolysaccharides [LPS] , stress, and ischemia) can activate initiator caspases (caspase-2, caspase-8, and caspase-9) to cleave pro-forms of effector caspases (e.g., caspase-3, caspase-6, and caspase-7) to degrade other protein substrates within the cells, thereby triggering the apoptotic pathway. Numerous studies suggest that caspases act as inducible killer protein in neuronal apoptosis. For example, induction and activation of caspase-2, -3, -7, -8, -10, or -11 were observed in neuronal apoptotic cell death that was induced by DNA damage, nitric oxide, cerebral ischemia, or chemical reagents, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (Furuya et al., 2004; Harrison et al., 2001; Kang et al., 2000; Li et al., 2007; Rikhof et al., 2003) . Among these caspases, caspase-11 can be prominently increased by a variety of apoptotic signals and has been shown to play an essential role in apoptosis of neurons, oligodendrocytes, astrocytes, and microglia (Fradejas et al., 2010; Hisahara et al., 2001; Kang et al., 2000; Lee et al., 2001; Shibata et al., 2000) .
Caspase-11 is a murine caspase that shares the highest homology with human caspase-4 (60% identity), which plays diverse roles in apoptosis, inflammation, and cell migration. Caspase-11 is undetectable in healthy mice and highly inducible by apoptotic signals or by stress. Previous research found that caspase-11 is induced by stimulation with LPS (Kayagaki et al., 2011; Shin and Brodsky, 2013) and mediates the activation of caspase-1 by physical interaction with caspase-1 (Wang et al., 1998) . Recent studies have found that the function of caspase-11 is similar to that of caspase-9 (Yamamuro et al., 2011) . Specifically, caspase-11 can promote the processing of effector caspases, such as caspase-3 and act as the apical caspase in the cascade that activates downstream executioner caspases under pathological states (Kang et al., 2000) . Thus, caspase-11 is crucial in both inflammation and apoptosis when under certain pathological states (Kang et al., 2000) . Therefore, we hypothesized that capsase-11 would mediate METH-induced neuronal apoptosis and blockade of caspase-11 expression could partially protect against METH-induced dopaminergic neuron apoptosis.
The present study aimed to investigate the role of caspase-11 in neuronal apoptosis induced by METH. To this end, we examined the expression of caspase-11 and its active form (p30) in catecholaminergic PC12 cells, dopaminergic SH-SY5Y cells, and rats exposed to vehicle or METH. We also observed the effect on the protection against METH-induced neuronal death via blockade of caspase-11 expression by a specific inhibitors or synthetic siRNAs targeting caspase-11 in vitro. In addition, we checked the METH-induced activation level of caspase-3 and its substrate, PARP, after blockade of caspase-11 expression in vitro and in vivo. We demonstrated that caspase-11 is an upstream caspase, responsible for the activation of caspase-3 after METH exposure. This study provides a potential target for gene therapy for METH abuse.
MATERIALS AND METHODS
Animal protocol. Healthy adult male Sprague Dawley (SD) rats (180-220 g, 6-8 weeks old) were purchased from Laboratory Animal Center of Southern Medical University and were singly housed in tub cages on a 12-h light-12 h dark schedule with food and water available ad libitum. Animals were habituated to the animal facilities for 7 days before use. Rats were divided randomly into 2 groups (n ¼ 4 each group). METH ( > 99% purity; National Institutes for Food and Drug Control, Guangzhou, China) was dissolved in saline. A cooling bath was used to counteract the hyperthermia produced by METH. Rats received intraperitoneally (i.p.) injections of saline or METH (8 injections, 15 mg/kg/injection, at 12 h intervals). This exposure paradigm was selected based on our and other previous studies (Cadet et al., 2003; Krasnova and Cadet, 2009; Li et al., 2008; Qiao et al., 2014) ; it is relevant to human exposure because the measured concentrations of METH in the blood and brain of rats at 1 h after the last injection (Supplementary Table 1 ) were in the range of reported blood concentrations (0.6-5 mg/ml [about 4-30mM]) in METH abusers (Winek et al., 2001) . All animals survived during and after METH exposure. Rats were sacrificed 24 h after the last injection. Brain samples were rapidly removed and the midbrains were dissected on an ice cold glass plate, rapidly frozen and stored at À86 C until analysis. All animal procedure was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Cell culture. Differentiated PC12 cells, a rat adrenal medulla pheochromocytoma cell line and SH-SY5Y cells, a human dopaminergic neuroblastoma cell line were obtained from the Cell Bank of Shanghai Institute for Biological Science, Chinese Academy of Science and cultured in high glucose DMEM medium containing 10% fetal bovine serum, 50 units/ml penicillin G, and 50 mg/ml streptomycin sulfate. Cells were grown in a CO 2 incubator at 37 C, with 5% CO 2 and 95% filtered air. The cells were passaged every 2-3 days.
Western blot analysis. PC12 cells, SH-SY5Y cells, midbrain samples from rats exposed to vehicle or METH were lysed in RIPA buffer at 4 C for 30 min. The samples were then separated by SDS-polyacrylamide gel electrophoresis and electroblotted onto polyvinylidenedifluoride membranes. The membranes were incubated overnight at 4 C or at 25 C for 2 h with primary antibodies at the following dilutions: rabbit polyclonal anticaspase-11 (1:1000, BioVision), rabbit polyclonal anti-caspase-3 (1:1000, Cell Signaling Technology), or rabbit polyclonal anti-PARP (1:1000, Cell Signaling Technology). Next, membranes were incubated with corresponding HRP-conjugated (horseradish peroxidase) secondary antibodies at 25 C for 1 h. The blot membrane was developed with Chemiluminescence ECL PlusWestern Blotting detection reagents. Proteins of interest were quantified (pixel density) with the Gel-Pro analyzer software and then normalized to correspondent b-actin prior to statistical analyses.
These concentrations were selected based on our and other studies (Fernandes et al., 2014; Irie et al., 2011; Nara et al., 2010; Qiao et al., 2014; Wu et al., 2014) /well) were seeded on cover slips for 24 h. Cells were then exposed to wedelolactone (30mM) for 2 h followed by METH (3.0 mM for PC12 cells and 2.0 mM for SH-SY5Y cells) treatment for 24 h. Visualization of DNA fragmentation was performed using the fluorometric TUNEL system for apoptotic cells (Roche Applied Science) according to the manufacturer's instructions. PC12 cells and SH-SY5Y cells were fixed in 4% paraformaldehyde in fresh PBS (pH 7.4) at room temperature for 15 min, incubated with fluoresceinconjugated TdT enzyme at 37
C for 1 h in the dark, and then mounted with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) for nuclear counter staining. Cross-sections were imaged (Â20 and Â40 objectives) using a fluorescence microscope (ECLIPSE 80i, Nikon, Tokyo, Japan). Both TUNEL-and DAPI-positive cells were counted. Data are reported as TUNEL index, which was calculated by counting the total number of TUNEL-positive cells.
Hoechst staining test. PC12 cells and SH-SY5Y cells were seeded on 12-well plates at a density of 5 Â 10 5 /well, and then were incubated in a standard condition for 24 h, followed by wedelolactone (30mM) exposure for 2 h and another 24 h treatment of METH (3.0 mM for PC12 cells and 2.0 mM for SH-SY5Y cells). At the end of METH exposure, cells were washed once with PBS and stained for 15 min in the dark at room temperature with 5 mg/ml Hoechst33342 (Invitrogen, Carlsbad, California). Nuclear fragmentation was visualized using a fluorescence microscope (ECLIPSE 80i, Nikon, Tokyo, Japan).
Immunofluorescence. For immunolabeling, all incubation solutions were prepared using PBS supplemented with 10% normal goat serum and 0.05% Triton X-100. The antibodies used were caspase-11 (mouse, 1:100, Santa Cruz) and fluorescein (FITC)-conjugated rabbit anti-mouse IgG (1:50, DingGuo, China) and were used together with DAPI nuclear labeling. Incubation periods with blocking buffer, primary antibody, and secondary antibody were 30 min at room temperature, overnight at 4 C, and 1 h at room temperature, respectively. Microphotographs were taken using a fluorescence microscopy (A1þ/A1Rþ, Nikon, Tokyo, Japan). All digital images were processed using the same settings to improve the contrast. Virus production and injection. The shRNA synthesis and stereotaxic injection protocol were based on a previous study (Lu et al., 2014) . Briefly, the shRNA sequence targeting caspase-11 was designed as the following: GGTGCAACAATCATTTGAA. It was cloned into pGC-LV vector. pGC-LV-shcasp11, pHelper 1.0, and pHelper 2.0 were cotransfected into HEK293FT cells, and LVshcasp11 was harvested with 10 9 transducing units per milliliter, and LV-GFP was used as control virus. Adult male SD rats (weight from 200 to 220 g) were divided randomly into 4 groups: LV-GFP group, LV-shcasp11 group, LV-GFP combined with METH group, and LV-shcasp11 combined with METH group. All surgical procedures were conducted under anesthesia following peritoneal injection with 2% pentobarbital. Anesthetized rats were fixed in a stereotaxic frame and a cut was made on the skin overlying the skull. Injections were made at the following stereotaxic coordinates: 5.04 mm rostral to bregma; 2.2 mm lateral to the midline (left or right side); 8.6 mm ventral to the dura, with tooth bar set at zero. A 10ml Hamilton syringe was used for microinjections and a total of 4ll of LV-shcasp-11 lentivirus or LV-GFP lentivirus was injected at a rate of 0.25 ml/min to the midbrain. After completion of the injection in the midbrain, the cannula was kept in situ for 5 min before being slowly withdrawn from the brain. Four days later, rats received i.p. injections of saline or METH (8 injections, 15 mg/kg/injection, at 12 h intervals) and sacrificed 24 h after the last injection. The brains were rapidly removed and the midbrain samples were dissected on an ice cold glass plate, rapidly frozen and stored at À86 C until use.
Statistical analysis. Data are expressed as mean 6 standard error (SE) of at least 3 independent replicates. Statistical analysis was performed using parametric test or nonparametric test, as appropriate, with the scientific statistic software SPSS version 13. The parametric test includes 1-way ANOVA or independentsamples t-test and the post hoc test was done by LSD method when we use 1-way ANOVA. Also, the nonparametric test contains Mann Whitney U in 2-independent sample test or KruskalWallis H in K independent samples test and the post hoc test was done by Bonferroni method when we use Kruskal-Wallis H. The value of P < 0.05 was considered statistically significant.
RESULTS

METH-Induced Caspase-11 Protein Expression in Neuronal Cells
To assess the role of caspase-11 in the METH-induced toxicity, we treated PC12 cells with different concentrations (0, 1, 2, 2.5, 3, or 3.5 mM) of METH for different duration (0, 2, 4, 8, 16, or 24 h) and then Western blot analysis was performed to detect caspase-11 expression. The results revealed that caspase-11 protein expression was dose-dependently increased (Figs. 1A and 1B). At 3.0 mM for 24 h, caspase-11 protein expression was 5.6-fold higher in the METH-treated PC12 cells than in the control. After exposure to 3.0 mM METH for 0, 2, 4, 8, 16, or 24 h, the results showed that caspase-11 protein expression was timedependently increased (Figs. 1D and 1E) . Specifically, at 2 h, caspase-11 protein expression was 2.5-fold higher in the METHtreated PC12 cells than in the control, and this effect became the greatest at 16 h. In particular, a processed form of caspase-11 (p30) was detected and exhibited a similar dose-and timedependent increase as unprocessed caspase-11 (Figs. 1A, 1C, 1D, and 1 F), indicating activation of caspase-11 by METH exposure. Similar effects were observed in SH-SY5Y cells, that is, METH (2.0 mM) exposure for 24 h markedly induced the protein expression of both unprocessed caspase-11 and cleaved-caspase-11 (p30) (Figs. 1G and 1H ). Furthermore, a rat model treated with METH (8 injections, 15 mg/kg/injection, at 12 h intervals) was used to ascertain whether METH induces caspase-11 expression in vivo. Western blot results showed that unprocessed caspase-11 and cleaved caspase-11 expression was up-regulated; cleaved capase-3 and cleaved PARP, both of which are the apoptotic markers, were also increased in the midbrain tissues of METH-treated rats ( Figs. 2A and 2B ). Immunofluorescence staining results showed that METH treatment increased the caspase-11 expression in rat midbrain tissues (Figs. 2C) . These results suggest that METH exposure induces caspase-11 protein expression and its activation both in vivo and in vitro.
Importance of Caspase-11 Induction in Neuronal Apoptosis Induced by METH
To examine whether caspase-11 is involved in METH-induced neurotoxicity, wedelolactone, a specific caspase-11 inhibitor (Kobori et al., 2004) , was used to block caspase-11 expression. As expected, wedelolactone exposure inhibited caspase-11 expression and its activation induced by METH in PC12 cells (Figs.
3A-C) and in SH-SY5Y cells (Figs. 3F-H).
To explore whether blockade of caspase-11 expression reduces METH-induced neuronal apoptosis in vitro, flow cytometry analysis was performed. In PC12 cells, as shown in Figures 3D and 3E , 30mM wedelolactone treatment alone induced apoptosis in 1.62 6 0.06% of PC12 cells. There was no significant difference between untreated group and wedelolactone-treated group which indicated that wedelolactone had no effect on PC12 cells apoptosis. Treatment with 3.0 mM METH alone induced apoptosis in 17.9 6 0.11% of PC12 cells, while treatment of 3.0 mM METH combined with 30mM wedelolactone induced apoptosis in 5. Kruskal-Wallis H in K independent samples test and the post hoc test was Bonferroni; data in Figure 1H were analyzed by Mann Whitney U in 2-independent samples test.
wedelolactone-treated group, indicating that wedelolactone had no effect on SH-SY5Y cells apoptosis. METH (2.0 mM) treatment alone induced apoptosis in 17.6 6 0.6% of SH-SY5Y cells, while treatment of 2.0 mM METH combined with 30mM wedelolactone induced apoptosis in 7.6 6 0.36% of SH-SY5Y cells. Like in PC12 cells, wedelolactone also significantly reduced the percentage of apoptotic cells caused by METH exposure (Fig. 3J ).
To further evaluate the effect of caspase-11 on METH-caused neurotoxicity, we investigated whether caspase-11 expression blockade affects apoptosis induced by METH in PC12 cells using TUNEL and Hoechst staining. Both TUNEL and Hoechst staining were used to detect DNA damage. In PC12 cells, the TUNEL staining results (Fig. 4A) showed that the number of TUNELpositive PC12 cells was increased by >9-fold in METH-treated group compared with control group (14.2 6 0.3% vs 1.6 6 0.26%, n ¼ 5, P < 0.01, Fig. 4C ). Wedelolactone treatment decreased the number of TUNEL-positive METH-exposed PC12 cells by>2.5-fold (14.2 6 0.3% vs 4.98 6 0.25%, n ¼ 5, P < 0.01). Similarly, the Hoechst staining results (Fig. 4B) showed that the number of Hoechst 33342-positive cells was increased by >11-fold in METH-treated cells compared with the control cells (21.58 6 0.42% vs 1.82 6 0.14%, P < 0.01, Fig. 4D ), and this effect was attenuated by >3-fold with wedelolactone treatment (21.58 6 0.42% vs 6.89 6 0.12%, n ¼ 5, P < 0.01). In SH-SY5Y cells, the TUNEL staining results (Fig. 4E) showed that the number of TUNEL-positive SH-SY5Y cells was increased by about 12-fold in METH-treated group compared with control group (24.58 6 .67% vs 1.92 6 0.14%, n ¼ 5, P < 0.01, Fig. 4G ). Wedelolactone treatment decreased the number of TUNEL-positive METH-exposed SH-SY5Y cells by >2-fold (24.58 6 0.67% vs 10.89 6 0.22%, n ¼ 5, P < 0.01). Similarly, the Hoechst staining results (Fig. 4F) showed that the number of Hoechst 33342-positive cells was increased by >10-fold in METH-treated cells compared with the control cells (20.48 6 0.67% vs 1.89 6 0.09%, P < 0.01, Fig. 4H ), and this effect was attenuated by >3-fold with wedelolactone treatment (20.48 6 0.67% vs 7.56 6 0.35%, n ¼ 5, P < 0.01). These results suggest that blockade of caspase-11 expression reduces METHinduced apoptosis in PC12 cells and SH-SY5Y cells, indicating that caspase-11 is involved in METH-induced neuronal apoptosis in vitro.
Silencing of Caspase-11 Protected PC12 Cells from METH-Induced Apoptosis
To confirm that blockade of caspase-11 expression protects against METH-induced apoptosis, we used synthetic siRNAs targeting caspase-11 to silence caspase-11 expression and then examined their effects on METH-caused apoptosis in PC12 cells. Firstly, we investigated the knockdown efficacy of each siRNA Unprocessed caspase-11 (pro-casp11) and cleaved caspase-11 (cleaved casp11) expression was up-regulated while apoptosis markers were increased in the midbrain of METH-exposed male SD rats. Male SD rats were divided randomly into control and experimental groups (n ¼ 4). Animals were injected i.p. with saline or METH (15 mg/kg Â 8 injections, at 12 h interval). The midbrain tissues were harvested at 24 h after the last dosing. Western blot (A) and quantitative analyses (B) were performed to determine unprocessed caspase-11, cleaved caspase-11, cleaved caspase3 (cleaved-casp3), and cleaved-PARP protein expression. Fold induction relative to control group is shown. *P < 0.05 versus control group (1 sample t-test). Immunolabeling and confocal imaging analysis (C) showed elevated caspase-11 expression in the midbrain of METH-exposed male SD rats compared with controls. , 2015, Vol. 145, No. 1 by guest on November 4, 2016 http://toxsci.oxfordjournals.org/ sequence targeting caspase-11 at the protein level. We transfected the siRNA Nos. 1-3 (100 nM) or scrambled siRNA (control siRNA, 100 nM) into PC12 cells for 48 h followed by METH exposure for 24 h. Western blot analysis showed that METH exposure induced caspase-11 protein expression in control siRNA group; this effect was significantly attenuated by coexposure to any of the 3 siRNA sequences (Figs. 5A and 5B). Notably, these siRNA sequences not only attenuated the unprocessed caspase-11 expression, but also inhibited the expression of its activated form p30. To explore whether silencing of caspase-11 expression by synthetic siRNA sequences also reduces METH-induced apoptosis in vitro, a TUNEL assay was performed to detect DNA damage in PC12 cells. The number of TUNEL-positive cells was increased by more than 15-fold in PC12 cells transfected with control siRNA exposed to METH compared with vehicle treatment (16.9 6 0.57% vs 1.13 6 0.25%, Figs. 5C and 5D ). The number of TUNEL-positive cells was decreased by >3-fold in METHtreated PC12 cells transfected with siRNA Nos. 1-3 compared with control siRNA group (16.9 6 0.57% vs 4.66 6 0.49%, 4.33 6 0.68% and 4.12 6 0.23% for siRNA No. 1, siRNA No. 2, and siRNA No. 3, respectively, n ¼ 5, P < 0.05, Fig. 5D ). These results suggest that silencing of caspase-11 expression can reduce apoptosis induced by METH in PC12 cells.
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Blockade of Caspase-11 Expression Can Reduce Caspase-3 and PARP Activation in vitro
Previous studies have shown that caspase-11 plays a critical role in the activation of caspase-3 under certain pathological conditions (Kang et al., 2000) and METH-induced neuronal apoptosis is accompanied with caspase-3 and PARP activation (Jayanthi et al., 2004; Qiao et al., 2014) . We sought to determine whether caspase-11 mediates neuronal apoptosis via caspase-3 pathway. Therefore, we examined the activation level of caspase-3 and PARP after inhibition of caspase-11 expression by wedelolactone in PC12 cells and SH-SY5Y cells treated with or without METH. As shown in Figures 6A and 6B , Western blot analyses showed that cleaved caspase-3 expression was increased up to >6-fold in METH-treated PC12 cells compared with vehicle-treated cells, this effect was attenuated by coexposure to wedelolactone. These data indicate that caspase-11 mediates neuronal apoptosis caused by METH, in part, via activation of caspase-3. Similar results were observed for cleaved PARP. As shown in Figures 6A and 6C , the cleaved PARP was increased up to about 3.5-fold in PC12 cells treated with METH compared with control cells, and the increased cleavage of PARP was attenuated by blocking caspase-11 expression with wedelolactone. Meanwhile, we determined the effect of blockade of caspase-11 on caspase-3 and PARP activation in SH-SY5Y cells. As shown in Figures 6D and 6E , Western blot analyses showed that cleaved caspase-3 expression was increased up to >3.5-fold in METH-treated SH-SY5Y cells compared with vehicle-treated cells, this effect was antagonized by coexposure to wedelolactone. Similar results were observed for cleaved PARP. As shown in Figures 6D and 6F , the cleaved PARP was increased up to about 3.5-fold in SH-SY5Y cells treated with METH compared with control cells, and the increased cleavage of PARP was neutralized by blocking caspase-11expression with wedelolactone. These results further demonstrated that the caspase-3 pathway is involved in caspase-11-mediated METHinduced neuronal apoptosis.
Silencing of Caspase-11 Expression Reduced Caspase-3 and PARP Activation In Vivo
To further testify the roles of caspase-11 in METH-caused neurotoxicity in vivo, LV-GFP and LV-shcasp11 lentivirus were injected separately to the rat midbrain using a standard stereotaxic positioning system to silence caspase-11 expression in the midbrain region and then rats were treated with METH or vehicle. As shown in Supplementary Figure 1 , fluorescence analysis showed lentivirus had been successfully infected into midbrains. And then we checked the protein level of unprocessed caspase-11, cleaved-caspase-11, cleaved-caspase-3, and cleaved-PARP in each group. LV-shcasp11 lentivirus effectively silenced the caspase-11 expression and its activation in the midbrain of METH-treated rats (Figs. 7A-C) . The expression level of cleaved caspase-3 and cleaved-PARP was decreased following caspase-11 expression knockdown (Figs. 7A, 7D, and 7 E). These in vivo results were consistent with those in vitro as mentioned before. These results further demonstrated that caspase-3 pathway is involved in caspase-11-mediated METH-induced neuronal apoptosis.
DISCUSSION
Caspases are subdivided into 2 classes: apoptotic caspases or inflammatory caspases (Hotchkiss and Nicholson, 2006) .Caspase-11, however, has dual roles in both apoptosis and inflammation (Kang et al., 2000) . The formation of the inflammasome by caspase-11, caspase-1, apoptosis-associated specklike protein containing a CARD, and cytosolic NOD-like receptor is important in the caspase-11-mediated inflammatory response. Additionally, activation of caspase-3 by caspase-11 is a key step in caspase-11-mediated apoptosis (Hotchkiss and Nicholson, 2006; Kang et al., 2000) . In the present study, we for the first time report that caspase-11 expression is increased after METH exposure in vivo and in vitro. We also demonstrate that caspase-11 plays an essential role in dopaminergic cell death caused by METH and inhibition of caspase-11 expression 
cleaved-PARP
by caspase-11-specific inhibitor wedelolactone or synthetic siRNA sequences can attenuate METH-exposed dopaminergic cell death in vitro. In addition, we injected lentivirus into the rat midbrain to inhibit the caspase-11 expression induced by METH, and found that the expression of cleaved capase-3 and cleaved PARP in the rat midbrain was decreased following the caspase-11 expression silencing. These findings indicate that caspase-11 plays a crucial role in METH-exposed neurotoxicity.
The expression of caspase-11 is the most stringently regulated among all the caspases identified so far. Unlike most caspases that can be detected in healthy, unstimulated cells, caspase-11 is undetectable in healthy cells, but highly inducible by apoptotic signals or by stress. In the present study, we did not detect the expression of caspase-11 in untreated PC12 cells or SH-SY5Y cells, but it was detectable in PC12 cells and SH-SY5Y cells after METH treatment. Moreover, the induction of caspase-11 expression by METH occurred in a dose-and timedependent manner. Intriguingly, a cleaved caspase-11, p30, was detected in vivo and in vitro, which indicates that METH not only inducescaspase-11 expression but also activates itself. There are 2 possible mechanisms of caspase-11 activation, namely auto-activation model and scaffold mediated activation. The auto-activation model was proposed by Rathinam et al. (2012) , who suggested that induction of caspase-11 expression is both necessary and sufficient for its own activation, and indeed when expresses at significant levels, procaspase-11 does undergo auto-processing (Kang et al., 2000; Rathinam et al., 2012) . Another possible mechanisms of caspase-11 activation, scaffold-mediated activation model, were proposed by Broz et al. (2012) , who revealed a requirement for type-I-IFN signaling in caspase-11 activation that is consistent with a model in which an interferon inducible activator mediates caspase-11 activation in response to intracellular Salmonella. In this study, we detected that caspase-11 was activated in neuronal cells after METH exposure. However, among above-mentioned 2 mechanisms, which one is responsible for caspase-11 activation after METH treatment is still unknown. Additional experiments are needed to provide a definitive conclusion.
Our results show that wedelolactone attenuates upregulation of METH-induced caspase-11 expression in PC12 and SH-SY5Y cells. Previous studies have demonstrated that wedelolactone could block caspase-11 expression by inhibition of NF-KB activation via mediating phosphorylation and degradation of IKBa (Kobori et al., 2004) . Hence, wedelolactone may Silencing of caspase-11 expression reduced caspase-3 and PARP activation in the midbrain of METH-exposed male SD rats. LV-GFP and LV-shcaspase11 (LVshcasp11) lentivirus were injected separately to the rat midbrain using a standard stereotaxic positioning system (n ¼ 3/group). After injecting with lentivirus for 4 days, animals were injected i.p. with saline or METH (15 mg/kg Â 8 injections, at 12 h interval). The midbrain tissues were harvested at 24 h after the last dosing. Western blot (A) and quantitative analyses (B-E) were performed to determine unprocessed caspase-11, cleaved caspase-11, cleaved caspase3 (cleaved-casp3), and cleaved-PARP protein expression. *P < 0.01 compared with saline-treated group, **P < 0.01 compared with LV-GFP-treated group. Data were analyzed with KruskalWallis H in K independent samples test followed by Bonferroni post hoc analyses.
attenuate METH-caused caspase-11 induction via inhibition of NF-KB activation. This explanation is consistent with the finding that METH induces inflammation directly in neurons by activating NF-KB and other cytokines (Liu et al., 2012; Permpoonputtana and Govitrapong, 2013; Shah et al., 2012) .
Caspase-11 has been demonstrated to play important roles in apoptosis through caspase-3 pathway. We examined the activation of caspase-3 after blockade of caspase-11 expression. The results showed that blockade of caspase-11 expression can inhibit caspase-3 activation by METH in vitro and in vivo. These results indicate that caspase-11 mediates neuronal apoptosis caused by METH via caspase-3 pathway. Although our data demonstrated that caspase-11 can directly activate caspase-3, we do not exclude the possibility that cytokines may also be involved in the regulation of METH-induced cell death. Previous studies have demonstrated that exposure to METH increases the levels of the inflammatory cytokines IL-8, IL-1b, and NF-KB (Liu et al., 2012) . Hence, it is possible that these cytokines may be involved in caspase-11-mediated caspase-3 activation during METH exposure, which requires additional studies to verify. In addition, in the in vivo portion of this study, we conducted all analyses using the rat midbrain, which contains substantia nigra that is rich of dopaminergic neurons and some other nuclei. Further studies collecting specific regions of the basal ganglia such as substantia nigra and striatum will help to identify the specific target region(s) of METH.
In conclusion, the present study demonstrates that caspase-11 is increased after METH treatment in vivo and in vitro, and blockade of caspase-11 expression significantly protects neuronal cells against METH-induced toxicity in vivo and in vitro. Caspase-11 mediates neuronal apoptosis through activation of caspase-3 pathway. However, further studies are needed to elucidate the inflammatory effect of caspase-11 on neuron death induced by METH.
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